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The anomeric effect has been analyzed theoretically by adopting a simple model molea@QBHThe

total energy has been found at its minimum when the ©t+O—H dihedral angle is 66(gauche-staggered
conformation). By representing the wave function of the molecule in terms of the MOs of two fragments, we
demonstrate that the oxygen p-type lone-pair orbital participates in electron donation te @erCorbital

in a wide range of the GIC—O—H dihedral angle. In contrast, a hybrid of s and p atomic orbitals of the
oxygen interacts with the €Cl ¢* orbital in the antiperiplanar (or anti-staggered) conformation. Electron
delocalization is depressed in the anti conformation. The orbital interaction interprets consistently the shortened
C—0 bond and the elongated<CI bond in CHCIOH in the gauche-staggered conformation. The magnitude

of the stabilization due to the effect has been estimated by using the fragment interaction orbitals, supporting
the significance of electron delocalization in explaining the anomeric effect. The anomeric effect j2the S
reaction has also been studied.

Introduction SCHEME 1
Edward reported in 1955 that the C(1) alkoxy group preferred

the axial position to the equatorial position in a pyranose ring, O

despite unfavorable steric interactions with hydrogens at C(3) /@1@ O

and C(5)! Lemieux and Chuobserved the anomerization - \Y\s\
! O

equilibria in several aldohexapyranoses and ascribed this
phenomenon to a stereoelectronic cordrdimilar observations

have also been reported for six-membered pyranoses possessin
electronegative substituerftst® Now, these observations are SCHEME 2
explained in terms of the “anomeric effeédf*;2>
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The same trend was also found in other cyclic riffg® and in a pyranose ring to the electrostatic repulsion between two

in acyclic compound&+37 Thus, the term “anomeric effect”  dipole moments (Scheme 1Yhe electrostatic model has been

has been generalized to refer to the gauche preference oft Subject of detailed discussiofd;%43:48.522582.0.61.692b
electronegative substituents over the antiperiplanar conformation ~ This model has been supported by some experimental results
in an R-X—Z—Y moiety, in which Z is usually a carbon, Y  that advocate the decrease of the axial conformation ratio in
denotes an atom more electronegative than Z, X represents arpolar solvent§>3 It does not explain, on the other hand, the

atom possessing lone pairs of electrons, and R stands for astructural change observed in the axial conformation, such
hydrogen or an a|ky| group. as the increase in the-z¥ bond |ength and the decrease in

the X—Z bond length, and the opening of the—¥—X
anglel0a26:31,37,538d,64,73-77 |n gddition, some experiments have
Y reported the absence of any relation between the solvent polarity
S and the ratio of the axial conformation to the equatorial
conformatior’'34448 To explain these observations, a stereo-

R R electronic model has been proposed. This advocates the
Y importance of delocalization of the lone pair of electrons on X
gauche-staggered anti-staggered to the Z-Y o* orbital. That is, negative hyperconjugatfShis

of significance in making the axial conformation more stable
As for the origin of this effect, several explanations have been relative to the equatorial conformation (Scheme 2).
proposed by experimental and theoretical grotip& For The structural change in the axial conformation appears also
example, Edward ascribed the axial preference of the group Y to be interpreted by this stereoelectronic model. The validity
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of the model has been examined by many theoretical
groups33a54,56,57,60,62,64.650. 68\jth regard to the energy of
stabilization brought about by the anomeric effect, Schleyer and
co-workers investigated several acyclic or cyclic compounds,
applying the NBO analysi®°-¢ They estimated the structural

change due to the anomeric effect by measuring the differences

between the optimized geometries at the full SCF level and those
of the NBO Lewis structure. Radom and Pople studied the
internal rotation of some acyclic compounds, such as ethane,
methylamine, methanol, and fluoromethaP8iThe calculated
energies were analyzed in terms of a Fourier-type expansion of
the potential function, showing that the potential functions could
be rationalized in terms of contributions from three principal
effects. The 1-foldVy), 2-fold (V2), and 3-fold {/3) components
expressed respectively the dipeldipole repulsion, ro* orbital
interaction, and the steric factor. Then, Grein and Deslong-
champs applied this analysis to acetals to study the origin of
the anomeric effec®

With a number of theoretical and experimental studies
mentioned above, it has not been clarified yet what orbitals
participate in the interaction between the lone pair of electrons
and the antibonding* orbital in a-halogenoethers having a
chloroalkoxy group. We analyze in this study the orbital
interactions in a €I,CIOH molecule by applying our paired
interaction orbital metho@®

Computational Details

The structural optimization of C}€IOH has been carried out
at the MP2(full)/6-313%+G** level of theory by applying the
Gaussian 94 prografi.The interaction orbital analysis has been
carried out with the RHF/6-31G** MOs of the optimized
structures. The GAMESS program has been utilized to estimate
the magnitude of stabilization brought about by the interaction
between the lone-pair orbital of the oxygen and dteorbital
of the C-Cl bond in CHCIOH 8%

Results and Discussion

Orbital Interactions. We have chosen in this study a simple

molecule CHCIOH for an analysis of the anomeric effect. It is
known well that 2-chlorooxane and its derivatives having a
—CHCIO— moiety manifest the anomeric effect very cleddy.
To see if this molecule shows an anomeric effect proposed for
a-halogenoethers, we have carried out geometry optimizations
of a chloromethanol molecule, and also of the methanol, and
chloromethane molecules at the MP2(full)/6-3G** level
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Figure 1. Change in the total energy of GEIOH along with the
rotation around the €0 bond.

of the anomeric effect should not be influenced by the
partitioning of the molecule into fragments.

We expand each MO of GI€IOH in terms of the MOs of
the two fragments (LCMO)

D= Iici,f‘ibi + j_il()j’fqﬁj + idk’flpk + I_ildlﬂpl 1)

whereM andN indicate the number of the MOs of the (OH)
and (CHCI)* fragments, respectively. The occupied and un-
occupied MOs of (OH) are denoted by; (i = 1, 2, ...,m) and

¢ =m+ 1, m+ 2, .., M), respectively, and the occupied
and unoccupied MOs of the (GBI)*™ fragment are specified
by yy (k=1,2, ..,nandy; (I =n+1,n+ 2, ..., N),
respectively. Now, we define a matiix of the order (1 x N),

by summing up the products of the LCMO coefficients between
the two fragments, for instance,for the MO ¢; of the (OH)
fragment andl, for the MO, of the (CHCI)*™ fragment, over

all the occupied MOs of CKHCIOH. We may employ the element
D; of this matrix as a scale of orbital interaction between the
fragment MOs,¢; and ;. Among the orbital interactions
between the two fragments, those between the occupied MOs
of the donor part (OH) and the unoccupied MOs of the acceptor
part (CHCI)* play crucial roles. Then, we have carried out

of theory. Chloromethanol has been shown to prefer the gauche-transformations of the fragment orbitals within the occupied MO

staggered conformation with the -©C—O—H dihedral angle

at 66 to the anti-staggered conformation, as illustrated in Figure
1. The C-O bond of CHCIOH in the gauche-staggered
conformation has been calculated to be 0.1385 nm at the
MP2(full)/6-31++G** level of theory, which is shorter than
the C-0 bond in methanol, by 0.0035 nm. On the other hand,
the C-Cl bond of CHCIOH has been located at 0.1797 nm at
the same level of calculation, which is 0.0022 nm longer than
the C-CI bond in chloromethane. These results indicate that
this molecule should serve as the simplest model to analyze
the origin of the anomeric effect.

We divide a CHCIOH molecule into two fragments, (OH)
and (CHCI™, to look into the strength of electron delocalization
across the €0 bond in this molecule. This division of the
molecule into fragments is form&.We utilize, however, the
wave function of CHCIOH to draw the orbital interaction

subspace of the donor part and the unoccupied MO subspace
of the acceptor part, referring to the mattx’® Now, electron
delocalization from the (OH) part to the (CHCI)™ part is
represented concisely in terms of a few pairs of the occupied
hybrid MOs of the former and the unoccupied hybrid MOs of
the latter.

The strongest orbital interaction derived by this analysis is
shown in Figure 2 for the most stable conformation of ,H
CIOH. We find an in-phase overlap between the interaction
orbitals of the two fragments, pointing to each other. It is
obvious that this pair stands for the-© ¢ bond in CHCIOH
that has been broken artificially upon dividing the molecule into
two fragments. Very interestingly, the second orbital pair
exhibits also an in-phase overlap between the two fragments,
as illustrated in Figure 3. The orbital of the (OHjragment
represents clearly one for a lone pair of electrons of the oxygen

scheme between the fragments, and accordingly, the discussiomtom, and the paired counterpart of the ¢CH™ fragment
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Figure 2. First pair of the interaction orbitals of the (OH)and
(CHCI)* fragments, representing the formation of the @ ¢ bond
in CH,CIOH.

@

Figure 3. Second pair of the interaction orbitals of the (OH)nd
(CHCI)* fragments, representing electron delocalization from the
oxygen to the &ClI bond in the gauche-staggered conformation.

represents clearly the-&Cl ¢o* orbital. It is suggested that this

orbital pair gives rise to an anomeric effect in this species. Let

us examine the role of the second orbital pair more in detail.
The Mulliken overlap population between the orbitals in the

second pair has been shown to be at the maximum, 0.038, when

the CHC—O—H dihedral angled is 9C°, while it is at the
minimum, 0.018, when the angtkis 180.82 This seems to be

in line with the result of a Fourier decomposition of the potential
function for fluoromethanot?@ and also with the observation
by Grein and Deslongchamps that the Mulliken charge of the
OH group is smallest when thef£—0O—H dihedral angle is
90° in fluoromethanof® The deviation of the most stable
conformation @ = 66°) from the structure of the maximum
overlap population may be attributed to the overlap repulsion
between the lone pairs of electrons on the oxygen and tHd C
bonds.

The explanation of the anomeric effect needs a clear
understanding of the orbital for the lone pairs of electrons
participating in the interaction with the-€Cl o* orbital. We
have investigated the lone-pair orbital of the oxygen atom for
several values ofl. At 0 = 90°, it is a pure p-type orbital of
the oxygen that has an extension perpendicular to th@-€H
plane. In the structures with = 30—15C°, the p-character of
the lone-pair orbital has been found to be very close to 100%.
At 6 = 60°, for instance, the contribution of the s-type orbital
has been calculated to be negligibly small (inner, 0%; outer,
2%) 83 Figure 3 illustrates that the orbital interaction takes place
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Figure 4. Second pair of the interaction orbitals of the (OHnd
(CH,CI)* fragments, representing electron delocalization from the
oxygen to the &Cl bond in the anti-staggered conformation.
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Figure 5. Change in the electron population of the-Cl ¢* orbital
associated with the lengthening of the-O bond.
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from the s and p atomic orbitals of the oxygen, the other two
being used for the formation of the<® and G-H bonds. The
orbital is tilted backward and is delocalized to some extent over
the adjacent hydrogen, as illustrated in Figure 4. A hybrid of
the s and p atomic orbitals participates in the interaction with
the C-CI o* orbital in the anti-staggered conformation, and
consequently, electron delocalization is suppressed. The mol-
ecule should be destabilized in this conformation, relative to
the gauche-staggered conformation.

The C-ClI ¢* orbital is seen in Figures 3 and 4 to be distorted
around the & Cl bond to have a larger overlap with the oxygen
lone-pair orbital. To see the effect of electron delocalization on
the structural change in GBIOH, we have investigated the
relation between the electron population of the@ o* orbital
and the length of a €0 bond in a hypothetical molecule, in
which 6 is fixed at 90 and the C-CI bond length is held at
that in methyl chloride. Figure 5 shows that shortening of the
C—0 bond length leads to a higher electron population of the
C—CI o* orbital in the second pair of interaction orbitals,

predominantly between the lone-pair orbital and the backside indicating that electron delocalization is pronounced as th®C

lobe of the C-CI o* orbital, as has been assumed in Scheme
2.

In contrast, the contribution of the s-type atomic orbital is
large in the anti-staggered conformation witl= 18C° (inner,
9%; outer, 66%7¥2 This orbital is one of the hybrids constructed

s-type overlap is strengthened.

We allowed next the €CI bond to change its length and
studied the dependence of the-Cl bond length on the electron
population of the & Cl o* orbital. It is seen in Figure 6 that
the C-CI bond is lengthened in proportion to the increase in
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Figure 6. Change in the electron population of the-Cl o* orbital Figure 7. Effect of the orbital interaction between the oxygen lone
associated with the lengthening of the-Cl bond. pair of electrons and the -€Cl ¢* orbital upon the total energy of
CH,CIOH.

electron population of the orbital. The structural change in
chloromethanol molecule is attributed to delocalization of the
lone pair of electrons of the oxygen to the antibonditigrbital

TABLE 1: Effect of the C| —C—0O—H Dihedral Angle on the
Reactivity of Chloromethanol with Cloride Anion

of the C=ClI bond. Cl—C—0O—H dihedral activation energy ~ anomeric effect
Strength of Electron Delocalization.The conclusion derived angle (deg) (k/moly (ky/mol)
above from an analysis of orbital interactions appears to be very 0 27.8 48.0
simple. A pure p-type lone-pair orbital participates in electron 63 gi'g 1%%'93
donation to the €Cl o* orbital in the gauche-staggered 90 155 112.7

conformation, whereas an—¢ hybrid-type lone-pair orbital
participates in electron donation in the anti-staggered conforma- ~ MP2(full)/6-311+G**.
tion. Now, let us try to see numerically if the orbital interaction .
is strong enough to explain the gauche-staggered preference ofHsX + CH3Y-60b The most stable conformation of GEIOH
the CHCIOH molecule. As shown above, each MO of the ™May also be influenced by some other factors, such as electron
CH,CIOH molecule has been rewritten in terms of a linear delocalization from the oxygen lone-pair orbitals to the kL
combination of the fragment orbitals. The Fock equations are ¢* orbitals. Considering, however, that the energy difference
also expressed in terms of these orbitals, giving the total energyPetween the gauche-staggered and anti-staggered conformations
E of the molecule. Then, the magnitude of conjugation between IS 19.3 and 18.0 kJ/mol at the RHF/6-31G** and MP2(full)/6-
the lone-pair orbital of the oxygen and t orbital of the 311++G* level of theory, respectively, the strength of the
C—Cl bond in CHCIOH has been estimated in the following orbital interaction f_ound in l.hIS st_udy should be of significance
manner. We have deleted from the Fock equations the integralsand reasonable in its magnitude in upderstanding the preference
that include both of the orbitals r and s, which denote Of the gauche-staggered conformation inZCHDH.
respectively the orbital of the (OH)fragment and the orbital Anomeric Effect in Sy2 Transition States. The rate of
of the (CHCI)* fragment in the second orbital p&ir These bimolecular nucleophilic substitution reactions has been shown
integrals are not large in their magnitudes relative to those for to be highly enhanced ia-halogenoether®. This enhancement
the first pair of orbitals representing the-© ¢ bond, and occurs only when the lone pair of electrons of the oxygen comes
therefore, removal of these integrals does not affect seriously antiperiplanar to the €X bond. It has been assumed, therefore,
the electron distribution in a GI€IOH molecule. that the anomeric interaction between the oxygen and the
By performing an SCF MO calculation on this system, we reaction center plays a significant role in stabilizing the transition
obtain the energy of the GE&IOH molecule,E'. Figure 7 state. To see the orbital interaction, we have adopted a system
illustratesE' — E calculated at the 6-31G** level of theory. = composed of chloromethanol and chloride anion as a reaction
This energy difference is regarded as giving the stabilization model and have carried out the MO calculations on an imaginary
due to the anomeric effect. The stabilization is at its maximum system in which the GtC—O—H dihedral angle of chloro-
when@ is 9C°. This stabilization is counterbalanced in part by methanol is fixed at several values through the entire reaction
overlap repulsion between the-® bond and the €H and path. The activation energy calculated in this manner is
C—Cl bonds and between the lone pairs of electrons of the presented in Table 1. One sees that the barrier height is the
oxygen and the €H and C-ClI bonds, and locates the most lowest at 90. This result implies that the orientation of the lone
stable conformation of the GIIOH molecule not ab = 60°, pair of electrons of the oxygen affects strongly the reactivity of
but at a somewhat larger €C—0O—H dihedral angle, 6% as chloromethanol in the & reaction. To see further the conjuga-
has been illustrated in Figure 1. The energy differer€e~ tion, we divided the reaction system [CI- - -GH -CIOH] at
E) is 15-20 kJ/mol greater in the range= 60—100°, compared the transition states into two fragments, [OH&nd [CI- - -
with that for the anti-staggered conformation. This seems to be CH,- - -Cl], and applied the paired interaction orbital scheme
in agreement with the value 24 kJ/mol, evaluated from the explained above. When the dihedral angle i$, 3e lone pair
methyl stabilization energy in the reaction XeH+ CH; — of electrons on the oxygen is shown to delocalize efficiently
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Figure 8. Interaction orbitals of the (OH)and (CICHCI) fragments,
taking part in electron delocalization from the lone-pair orbital of OH
to the CI- - -C- - -Cl bonds at the transition state of th &eaction of
chloromethanol with the chloride ion.

over the reaction center through the overlap with the CI- - -

J. Phys. Chem. A, Vol. 104, No. 27, 2008603

significant role in enhancing the reactivity @fhalogenoethers
for bimolecular nucleophilic substitution reactions.
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